Background Efforts to identify novel therapeutic options for human pancreatic ductal adenocarcinoma (PDAC) have failed to result in a clear improvement in patient survival to date. Pancreatic cancer requires efficient therapies that must be designed and assayed in preclinical models with improved predictor ability. Among the available preclinical models, the orthotopic approach fits with this expectation, but its use is still occasional. Methods An in vivo platform of 11 orthotopic tumor xenografts has been generated by direct implantation of fresh surgical material. In addition, a frozen tumorgraft bank has been created, ensuring future model recovery and tumor tissue availability.
Introduction
Pancreatic adenocarcinoma is one of the most lethal cancers, owing to high dissemination at early stages, together with poor response to both radio-and chemotherapy [1] . To date, limited improvement in survival and in quality of life has been achieved with gemcitabine, the current standard treatment for pancreatic cancer [2] . Prognosis is still very poor with a 5 year-median survival of 1-4% and a median post-diagnosis survival period of only 4-6 months [3] . Despite significant efforts, there is an urgent need to develop new therapies to improve patient prognosis.
Until now, therapies exclusively addressed against a single molecular target have been inefficient, probably due to the frequent redundant and aberrant signals in tumor cells. Thus, inhibition of multiple signaling pathways, redefinition of molecular and cellular targets, and combined strategies play a key role in the response to therapy. To this end, the identification of signature gene mutations and molecular alterations in pancreatic adenocarcinomas provides a useful framework to develop more effective treatments. The multifactorial origin of PDAC supports the use of combined strategies as the therapy of choice. However, effective development of these strategies is hampered by a lack of good preclinical models. Therefore, translational research in PDAC is restricted by the limited value of the current preclinical models as predictors of treatment responses in patients. The majority of these models consists of subcutaneous tumors derived from established human cell lines, an approach that poorly represents the molecular and cellular heterogeneity of human PDAC tumors, and are thus poor predictors of clinical therapy responses [4] . Various attempts have been made to overcome these problems, including subcutaneous implantation and propagation of intact human tumor fragments in nude mice [5, 6] . This approach partially solves the deficiencies observed with injecting cell lines, since the human tumor structure is preserved. However, the differences in tumor microenvironment, vascularization and metastatic spread continue to be major limitations of these models.
The orthotopic model is the most appropriate example that fulfils these requirements. In such models, solid fragments are implanted in the same organ in which the primary tumors were developed.When fragments come directly from patient, these xenografts have been named tumorgrafts [7] [8] [9] . This constitutes an efficient method to perpetuate these tumors, not only for treatment outcome analysis, but also for unlimited availability of tumor tissue. Implantation of histologically intact tumoral tissue may permit the establishment of intra-and intercellular interactions necessary for maintaining vascularized and viable tumors with spontaneous metastatic capacity, faithfully reproducing the original dissemination patterns. Interestingly, cryopreserved tissue has also been implanted with similar success rates as those from fresh tissue, facilitating the establishment of preclinical models from human samples [10] and the performance of different treatment assays at any time. Recently, an alternative method has been described in which a pancreatic cell suspension from digested patient tumors is injected into the pancreas of the athymic mice [11] . While no ideal experimental models exist for pancreatic cancer, orthotopic tumorgrafts appears to offer the closest approach to pancreatic cancer clinical situations [12, 13] In view of this situation, we have generated and characterized an in vivo platform of orthotopic PDAC tumor xenografts via direct implantation of fresh human tumor tissue into the pancreas of athymic mice. This platform is representative of human pancreatic cancer, and constitutes a feasible, continual and improved in vivo approach to identify frequent molecular patterns and define and assess tailored combination treatments. Moreover, the platform offers a good possibility of considering the essential aspects of pancreatic cancer biology, such as microenvironment, cellular and molecular heterogeneity of tumors, and preservation of metastatic routes from a global viewpoint. Our final aim was to contribute to the improvement of human pancreatic cancer prognosis by better predicting the capacity of patient responses to new therapeutic agents.
Materials and methods

Patient selection
Fifteen patients subjected to surgical resection at the Hospital Clínic de Barcelona (HCB) were enrolled for this project over a 14-month period. All patients were staged using spiral CT and endoscopic ultrasound. Fourteen patients manifested with jaundice and one with weight loss. Fourteen patients were initially considered for surgical resection (no major vascular invasion or metastatic spread), and one patient (CP14) with locally advanced disease (invasion of the mesenteric artery, determined by CT) was treated with chemoradiotherapy before surgery. All tumors were located at the head of the pancreas. Fourteen tumors were subjected to cephalic duodenopancreatectomy, and one to total pancreatectomy. The time from surgery to end of follow-up was 288 days (median, 185 days; range, 16-735 days).
Sample processing and model establishment
Primary human pancreatic cancer specimens
Specimens were received immediately after surgery, and routinely processed at the Pathology Service. In each case, frozen sections of the pancreatic resection margin were obtained prior to obtaining fresh tissue from the tumor mass and normal pancreatic parenchyma and evaluated by frozen sections. Resection margins were negative in all cases. A tumor sample of approximately 0.5 cc (see Supplemental 1) was placed in sterile DMEM/F-12 (Invitrogen) supplemented with antibiotics and antifungicidal agents, and transported to the animal facilities for rapid and direct xenografting into the pancreas of athymic nu/nu nude mice (Harlan Laboratories). In addition, fresh tissue samples from tumors and normal tissues were obtained, embedded in OCT, immediately frozen in isopentane, and stored at −80°C. Tumor samples included mirror areas of the site from which frozen tissue was obtained to evaluate tissue quality. Tissue samples for paraffin embedding for diagnostic purposes were obtained using standard routine protocols.
Orthotopic model establishment
In all cases, care was taken to minimize lap time, which oscillated between 2 and 4 h, between obtaining surgical sections and fragment xenografting. Selected tumor fragments were split into 10 mg pieces. Each of these pieces was implanted in four to five athimic mice. Animals were anesthetized with a ketamine/xylazine mixture i.p. (3:1), and a 3 mm left subcostal laparatomy performed. Spleen and pancreas were exposed, and the tumor piece was implanted in the pancreas with a vicryl suture. Organs were returned to the peritoneum, and the abdominal wall and skin sealed with a surgical staple. Animals were kept under observation until recovery from anesthesia. Surgical intervention survival was 100%. Animal weights and physical conditions were monitored weekly, and tumor growth was followed by abdominal palpation. When the tumor reached the appropriate volume, euthanasia was performed and plasma from arterial blood was obtained. The primary tumor was removed and partly used to produce new orthotopic tumorgrafts in nude mice to perpetuate tumoral material. All animal work was performed in compliance with the guidelines and approval of the Institutional Animal Care Committee.
Tumor model sampling and data processing
Collected tumors were weighed and divided into representative fragments. Fragments were stored at −80°C for western blot and sequencing analyses, cryopreserved and stored at −196°C for future re-implantation, fixed in 10% formalin for paraffin embedding or embedded in OCT for immunohistochemical analysis. In some cases, disaggregated tumor material was plated on culture dishes for cell line generation. Dissemination patterns, metastatic incidence, animal weights and tumor growth rate and incidence were recorded in a database file (Microsoft Access®).
Tissue Microarray (TMA)
Tissue microarrays of the 15 cases were constructed following standard methodologies, as described previously [14] . A selection of the donor paraffin blocks in each case included tumoral and normal pancreatic tissue, previous revision and marking of the H&E sections from which carcinoma assessment was made. From selected H&E areas of each block, 2 mm punches were obtained and placed in a receptor paraffin block. At least two mice per model were analyzed. Each tumor was sampled in triplicate to ensure the presence of neoplastic glands since a high desmoplastic component is usual in PDAC. Each microarray block contained a maximum of 54 cores. Additional TMA were constructed from paraffin blocks of tumors grown in mice. Slides were incubated for 60 min with the primary antibody, and developed using the EnVision signal detection system (DakoCytomation). The internal controls included in the detection system kits were used as monitors of intensity for these markers. Expression of the markers, CK7, CK20, MUC1, MUC2, MUC4 and MMP7, was recorded as a percentage of positive neoplastic cells, and expressed as an intensity code.
Histological analysis and immunohistochemistry
p53 and KRAS sequencing
DNA was extracted from human tumors and pancreatic xenografts following standard protocols. Intronic primers were used to avoid the amplification of mouse DNA. Intronic K-ras primers (Fwd: 5′GGTGGAGTATTTGA TAGTGTA3′; Rv: 5′GGTCCTGCACCAGTAATATGC3′) were employed to amplify exon 2 of the K-ras gene. The whole coding sequence of exons 4 to 9 of p53 was amplified using intronic human primers described elsewhere [8] . Annealing temperature, extension time and concentration of MgCl 2 were optimized for each primer set. Products from the first round of amplification were purified, and the same primers used for fragment sequencing with BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), following the manufacturer's instructions.
Western blot analysis
Frozen tumoral samples were homogenized in cold lysis buffer [10 mM Tris, pH 7.5, 400 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Igepal CA-630, 5 mM NaF, 1 mM sodium orthovanadate, 1 mM DTT and one protease inhibitor cocktail tablet (Roche, Mannheim, RFA) per 10 ml of buffer], and incubated at 4°C under orbital agitation for 1 h. Samples were centrifuged at 15,000×g for 15 min. The total protein level in each supernatant was determined with the Bradford assay (BioRad). Samples containing equal amounts of protein were mixed with loading buffer containing 5% 2-mercaptoethanol, heated for 5 min at 100°C, and loaded onto a 8-12% SDS-PAGE gel. Electrophoretic transfer onto nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) was examined by immunoblotting with anti-p16 (Pharmingen, G175-405), anti-Smad4 (Santa Cruz Biotechnology, SC-7966), anti-EGFR (Santa Cruz Biotechnology, SC-03), anti-Her-2 (Santa Cruz Biotechnology, SC-284), anti-Her-3 (Santa Cruz Biotechnology, SC-285), anti-Akt (Santa Cruz Biotechnology, SC-1618), anti-p-Akt (S473) (Cell Signaling), anti-ERK (Cell Signaling, 137F5) anti-p-ERK (T202/Y204) (Cell Signaling), anti-beta chain-IGF-1R (Santa Cruz Biotechnology, SC-713) and anti-p-IRS-1 (Y612) (Invitrogen) antibodies, followed by detection with horseradish peroxidase (HRP)-conjugated anti-mouse, anti-rabbit and and anti-goat IgGs (DAKO Corp, Carpinteria, CA, USA) (secondary antibodies). The chemiluminescent signal was developed using the ECL detection system (Amersham, Arlington Heights, IL, USA).
Results
Clinical features of patients
Fifteen pancreatic adenocarcinoma specimens (CP1 to CP15) from cancer patients were obtained by surgical resection at the Hospital Clinic of Barcelona. The main tumor features are listed in Table 1 . Seven patients were men and eight were women with a median age of 74 years (mean of 67.3, range, 44-84). Median baseline CA19.9 values prior to surgery were 799.5 U/ml (range, 5-3510). The sizes of tumors ranged from 20 to 60 mm (median, 30; mean, 32). One of the patients (CP14) received prior chemoradiotherapy so that tumor size could not be evaluated on a macroscopic background due to fibrous substitution of whole pancreatic tissue. Scattered groups of neoplastic cells were observed microscopically throughout the extensive fibrous stroma. Histologically, all the tumors were pancreatic ductal adenocarcinomas, most of which were moderately differentiated. Survival time after surgery varied widely among patients (6,5 to 78 weeks), and four (CP6, CP10, CP12, CP15) received adjuvant chemotherapy (5FU/LV).
Model generation
Four to five tumor fragments were obtained from each specimen, and subsequently implanted in the pancreas of athymic mice to generate the corresponding xenograft tumors. Eleven out of 14 primary human tumors were successfully propagated, and a comparative histopathological study between the patient's primary tumors and generated tumorgrafts performed (Table 1 and Supplemental 2). Tumorgrafts were perpetuated from 4 to 12 generations, depending on the model. They retained original morphology of the human primary tumor as presented in Fig. 1a , for the CP2 and CP15 models. Moreover, despite fibrosis decreases in murine models when compared with primary tumors, these tumorgrafts maintained their desmoplasia degree through generations (Fig. 1b) . First-generation latency periods ranged from 0.5 (CP5) to 38 weeks (CP11), but shortening of this lag time until tumor onset was observed for most models with successive passages. Moreover, variations in the percentage of tumor engraftment showed clear improvement with passage. Tumor material from each generation was cryopreserved, thus ensuring model availability for future preclinical assays. Newly generated tumors were characterized in a similar manner to the original tumor and initial tumor xenografts. Growth rates were additionally evaluated. The cell proliferation marker Ki67 was used to define the proliferative CP2 CP15 According to this, 3 out of 11 models were tagged as slow-growing, 5 as medium-growing, and 3 as fast-growing tumors.
Dissemination patterns
Tumor staging was assessed using the TNM classification system for malignant tumors. Lymph node and proximal organ/tissue invasion were monitored in patients displaying variable dissemination patterns (Table 2) , with frequent perineural invasion, regional lymph node metastasis or direct tumor extension. Median nodal retrieval was 17 (mean, 20; range 10 to 32). Vascular invasion was detected in five cases, invasion of the duodenal wall in five cases, and in three cases, the intrapancreatic bile duct was also involved. Pancreatic anterior and/or posterior surfaces were additionally affected in most patients. Clear anterior and posterior pancreatic surfaces were recorded in only 2 cases, as evident from the lack of microscopically detectable neoplastic cells.
Some of implanted mice were used for tumor dissemination pattern assessment, and remained alive for at least 6 months until sacrifice for ethical reasons. In cases where information about local invasion and metastatic recurrence was available, the routes of invasion in mice were similar to those observed in patients. All mice displayed local dissemination, and hematological spreading was detected in almost all models, mainly to the liver, followed by lung (Table 2) . Dissemination patterns were representative, model-specific and stable throughout passages.
Epithelial markers
The expression patterns of some common pancreatic epithelial markers (CK7, CK20, MUC1, MUC2 and MUC4) were comparatively assessed using immunohistochemistry on tissue microarrays in primary tumors and several generations of the different models (Fig. 2) . These molecular markers exhibit a high degree of homology and stability, further supporting previous findings on histology preservation and stability of growth features of these models.
CK7 was expressed in all primary tumors and this expression was maintained or increased in xenografts. Significant CK20 expression was only detected in 2 cases, both corresponding to tumors with focal mucosecretion. Expression of both cytokeratins was concordant between primary tumors and their xenografts ( Fig. 2A) .
All primary tumors stained positive for apical membrane MUC1 in tumor glands and all xenografts, with the exception of CP3, were also positive, albeit with lower intensity. MUC2 expression was not observed in normal pancreatic tissue, and only one primary tumor (the focally mucosecretor CP1) expressed high levels of MUC2 in the mucinous areas, with no expression in the usual adenocarcinoma areas. This pattern was maintained in xenografts (Fig. 2B) . MUC4 was faintly expressed in the Langerhans islets and tumor areas. Nine primary tumors stained positive for MUC4, with highly heterogeneous grading between cases. Two positive primary tumor-derived xenografts (CP2 and CP3) lost MUC4 expression, whereas 7 others retained MUC4 expression with patterns similar to those of primary tumors (Fig. 2B) 
Pancreatic cancer markers
The gene status of K-Ras and p53 was determined by genomic DNA sequencing (Fig. 3A) . The K-Ras gene was mutated at codon 12 in all the models. The majority (80%) of the models bear a common second bp codon 12 mutation, specifically, G/A change (50%) and G/T change (30%), with the remaining 20% displaying mutations at the first bp (G/C change). Mutational analyses revealed that the p53 suppressor gene was altered in 60% of the models analyzed, with all the alterations located either at exon 5 or 8. Apart from CP2 and CP8, all frequently altered p53 codons were point mutations. Expression levels of other key tumor suppressors in PDAC, such as p16 and DPC4, were analyzed using WB (Fig. 3B) . p16 expression was only detected in CP2. DPC4 expression was clearly detected in CP5, CP11 and CP13, and weakly in CP9, CP10 and CP12. (Fig. 4) . Additionally, given that MMP-7 has been recently involved in RTK transactivation, we checked for their expression in all tumor models. Considering as negative staining percentages up to 30% of the tumor, 64% of the models were positive for MMP-7 expression (Fig. 5 ).
Discussion
An ideal model for pancreatic cancer should provide researchers with relevant data to guide the design of clinical trials. Several preclinical pancreatic cancer models have been extensively used with this aim, each of which contributes essential information on pancreatic cancer biology and treatment responses. Effective preclinical models must take into account the heterogeneity of the disease to predict not only the overall antitumoral activity of a new drug but also the subsets of tumors in which they will be effective. A recent published Consensus Report of the NCI Clinical Trials Planning Meeting strongly recommends the development of preclinical tumor models that are better predictive of human pancreatic cancer. Furthermore, it indicates the potential of primary patient-derived tumor xenografts as a platform for drug screening, biomarker development, and to expand knowledge of the biology of pancreatic cancer [13] .
In this work, we have built a direct pancreatic cancer orthotopic platform with an engraftment rate of 59% in first passage, 76 rate in second page and 90% in the third generation passage. This platform has been generated with the aim of preclinical testing novel treatment modalities. In this approach, human primary tumors were allowed to form in mouse pancreatic tissue, and from the beginning, to progress in a proper microenvironment. Thus, tissue-specific interactions between tumor cells and the surrounding compartments, increasingly recognized as the major determinants of tumor phenotype, are maintained [15, 16] . These models preserve the histological architecture between the original tumors and their tumorgrafts and throughout generations, an essential trait that is hardly recapitulated by other approaches such as those based on cells inoculation into the pancreas or by implantation of subcutaneous donor tumors [17] [18] [19] . Moreover, although fibrosis experimented a substantial decrease with respect to primary tumors, these tumorgrafts maintained a significant desmoplasia degree through generations Interestingly, transition zones between tumor, fibrotic tissue and normal pancreas can be observed (Supplemental 3). Besides, our orthotopic tumors spread using the clinically relevant routes of lymphatic and vascular metastasis and this dissemination patterns are stable and tumor-specific. All these traits are highly valuable for repetitive preclinical assay performance and treatment validation. Profiling of ductal differentiation markers, such as mucins and cytokeratins, may aid in tumor characterization and monitoring passage-derived deviations. Regarding to mucins, MUC1 and MUC4 seem to play a key role in the progression of the disease and have been proposed as markers of poor prognosis whereas MUC2 plays usually a tumor suppressor role and is rarely detectable in aggressive pancreatic tumors [20] [21] [22] [23] .In our study, MUC1 and MUC4 were present in 100% and 80% tumors, respectively, whereas only 20% of primary tumors were positive for MUC2. With respect to cytokeratins, although the expression of a single CK is of little diagnostic value, the expression pattern of CK7/CK20 in epithelial tumors has been proposed as useful in distinguishing primary from metastatic carcinomas of varied origins [24, 25] . In our platform, ubiquitous CK7 expression is evident in all the tumors whereas CK20 is present in only 20% of the tumors. Globally, our data on these epithelial markers are consistent with their roles and incidence in pancreatic tumor development. Their expression patterns are concordant between tumorgrafts and primary tumors, highlighting again, the strength of this approach as a good representative platform for human pancreatic cancer disease.
Orthotopic implantation of histologically intact human carcinoma tissue offers the possibility of evaluating candidate-selective treatment modalities in resected cancer patients [4, 12, 26, 27] . Additionally, active forms of intracellular signaling proteins and/or stroma or vascularization regulators constitute key biomarkers of new targeted therapies to be tested in advanced PDAC [4] [5] [6] .
In the last years, insulin-like growth factor-1 receptor (IGF-IR) has emerged as a potential target for antitumor therapies. In pancreatic cancer, a frequent overexpression of IGF-IR and its ligands has been reported [28, 29] . IGF-IR can potently contribute not only to the development of tumors but also to the resistance to therapy [30, 31] . In this sense, it has been recently reported that concomitant expression of MMP7 and activation of p-IGF-1R correlates with poor prognosis in colon cancer patients treated with inhibitors of EGFR [32] . From data obtained from RTK signaling and MMP7 expression in our models, they may be grouped in 3 patterns based on an EGFR and IGF-1R inhibition hypothesis driven efficacy. In this sense, RTK+/ MMP7-tumors could be initially sensitive to combinations of EGFR and IGF-1R inhibitors although acquired resistance can emerge through HER-3 or HER-2 activation [33] . In contrast, RTK+/MMP7+ or RTK-/MMP7+ tumors would be intrinsically resistant to combinations of EGFR and IGF-1R inhibitors due to alternative IGF-1R-independent pathways regulated by MMP-7 [34] such as TRAIL [35, 36] or absence of target expression (RTK), respectively. It is remarkable that, considering our hypothesis-based of IGF-1R resistant pattern, only 36% of our models are expected to respond to combinations of gemcitabine plus erlotinib and IGF-1R inhibitors combined therapies, in accordance with recent data in early phase II clinical trials in PDAC [13, 37] . An inherent limitation of our study is that this platform is derived from resected patients and then, only represents 20% of all patients with PDAC. We can not rule out that tumors obtained from metastatic PDAC patients would show different patterns, an aspect that should be evaluated in the future. In addition, other studies based on different hypothesis-driven, for instance, patterns based on hedgehog signaling [38] , can complement optimal preclinical data in PDAC.
We conclude that the orthotopic tumor xenograft approach presented as a platform established from 11 patients facilitates progress in pancreatic cancer knowledge. Despite being slightly more complex to establish than other preclinical models, the global information provided by these models allows the detailed exploration of pancreatic genetics, biology and drug response in the whole animal context, thereby mimicking better than in other models the environment in which human disease occurs. Collectively, they constitute a useful preclinical platform for examining new agents and treatment protocols, as well as further exploring the biological basis of human pancreatic cancer and drug responses.
